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ABSTRACT 22 
An experimental study is conducted in this paper in order to assess the influence of the fuel 23 
temperature on the performance of a last generation common-rail ballistic solenoid injector. Mass 24 
flow rate measurements are performed for a wide range of temperatures, extending from 253 to 373 25 
K, representative of all the possible operating conditions of the injector in a real diesel engine, 26 
including cold start. The high pressure line and the injector holder were refrigerated, making it 27 
possible to carefully control the fuel temperature, whereas measurements at cold conditions were 28 
carried out with the help of a climatic chamber. Relevant features such as stationary mass flow, 29 
injection delay or the behaviour at the opening and closing stages are analysed together with 30 
parameters governing the flow, such as the injector discharge coefficient. 31 
Results show an important influence of the fuel temperature, especially at low injection pressure. A 32 
low injection temperature results in a lower stationary mass flow rate, whereas injection duration is 33 
also reduced. These results will be explained mainly through the fuel properties variation induced 34 
by temperature, together with the ballistic nature of the injector used for the study. 35 
A second part of the paper introduces a one-dimensional model that makes it possible to reproduce 36 
these results and further explain them through the analysis of other relevant variables, such as the 37 
needle lift. 38 
KEYWORDS 39 
diesel, injection, experimental, fuel temperature, low temperature 40 
LIST OF NOTATION 41 
Aeff orifice outlet effective area 42 
Ao orifice outlet area 43 
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Ca area coefficient  44 
Cd discharge coefficient 45 
Cv velocity coefficient  46 
cf fuel speed of sound 47 
Di orifice inlet diameter 48 
Do orifice outlet diameter 49 
k-factor orifice conicity factor 50 
L orifice length 51 
 fuel mass flow 52 
 theoretical fuel mass flow 53 
P pressure 54 
P0 reference pressure 55 
Pi injection pressure 56 
Pt pressure measured in the IRDCI 57 
Re Reynolds number 58 
r orifice inlet rounding radius 59 
Ti fuel temperature at the injector inlet 60 
td delay between SOE and SOI 61 
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tinj injection time 62 
ueff effective velocity  63 
uth theoretical velocity  64 
GREEK SYMBOLS: 65 
ΔP  pressure drop 66 
µf  fuel absolute viscosity 67 
νf fuel kinematic viscosity:  68 
ρf fuel density 69 
ABBREVIATIONS: 70 
ET  Energizing Time 71 
FAME Fatty Acid Methyl Ester 72 
FT-IR Fourier-Transformed Infrared Spectrometry 73 
IRDCI Injection Rate Discharge Curve Indicator 74 
SOE Start of Energizing 75 
SOI  Start of Injection 76 
 77 
1. INTRODUCTION 78 
The importance of the direct injection system in the diesel engine has attracted the interest of 79 
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researchers in the field. Being responsible for the fuel delivery, its role on the ultimate outcome of 80 
the engine has been demonstrated in several works: its influence on the quality of the air-fuel 81 
mixture has been largely proved [1][2][3], thus highly impacting the combustion phenomenon, fuel 82 
consumption and emissions [3][4][5][6][7], key features in the global cleanliness demanded to 83 
modern power plants. 84 
Even though many studies, both experimental and computational, have focused on how the diesel 85 
injection process and spray development are influenced by factors as the nozzle geometry [8][9][10] 86 
[11][12][13][14], discharge ambient conditions simulating those of the combustion chamber 87 
[15][16][17][18] or fuel injection pressure [19][20], not much attention has been paid to the 88 
influence of the fuel temperature itself. However, its effects are deemed to be important, especially 89 
when dealing with cold start problems [21][22][23], which are being gradually introduced in the 90 
new standards and regulations [24]. Needless to say, the fuel temperature strongly affects the fuel 91 
properties, as the authors have reported both at atmospheric and high pressures [25], which in turn 92 
play a key role on the injection process. Indeed, Seykens et al. [26] tried to assess the influence of 93 
fluid properties on the fuel injection behaviour by means of a one-dimensional computational model. 94 
From the experimental point of view, Dernotte et al. [27] or Payri et al. [21][28] analysed the 95 
influence of the fuel properties on the spray macroscopic features, also paying attention at the 96 
discharge capabilities of the nozzle in the latter case, but left the injector dynamics (transient 97 
opening and closing stages) out of the study.  98 
A few works have tried to directly assess the influence of the fuel temperature on the nozzle internal 99 
flow and spray formation of diesel direct injection engines. However, most authors focus on a 100 
certain range of temperatures. Hence, Tinprabath et al. [24] studied the fuel temperature influence 101 
for several biodiesel and diesel blends, focusing on cold temperatures, whereas Park et al. [29] 102 
performed a combined numerical and experimental study paying attention to the spray 103 
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characteristics for relatively warm temperatures only. Finally, Wang et al. [30] studied the cases of 104 
255 and 298 K also paying attention to the influence of fuel temperature on cavitation, but again 105 
leaving the injector dynamics out of their scope. It is important to note that nozzle transients, 106 
however, have a strong impact on the injection process and spray development as several authors 107 
have reported [31][32][33]. 108 
In this study, an experimental work on the influence of the fuel temperature on the performance of a 109 
Bosch CRI 2.20 injector is conducted. Mass flow rate measurements were performed for a wide 110 
range of temperatures (from 253 to 373 K), thus representing all the possible operating conditions 111 
of the injector in a real diesel engine, including cold start and the usual situations where the injector 112 
is heated by the proximity of the cylinder head. The measurements at cold conditions were carried 113 
out with the help of a climatic chamber, and the temperature was carefully controlled through 114 
refrigeration. The injector is a solenoid-driven unit [34] of ballistic nature, which means that the 115 
needle lift is not mechanically limited to a value that is usually achieved during the normal 116 
operation of the injector. Thus, the influence of the fuel properties (which, as it has been said, are 117 
strongly affected by the fuel temperature) on the dynamic behaviour of the injector is here deemed 118 
to be of even more crucial importance, since the maximum lift reached by the needle will directly 119 
depend on its friction with the fuel due to viscous effects. The importance of the fuel temperature is 120 
here investigated in terms of stationary mass flow rate, total mass injected, injection delay (time 121 
difference between the SOE – start of energizing – and SOI – start of injection), opening and 122 
closing slopes or injector discharge coefficient, with the objective of determining in which 123 
circumstances these effects should not be neglected due to their subsequent importance in the 124 
combustion phenomenon. 125 
As far as the structure of the paper is concerned, it has been divided in 5 sections. First of all, in 126 
section 2, a description of the theoretical foundation on which the internal flow features are based is 127 
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presented. Following, in section 3, the experimental setup is thoroughly described, with special 128 
attention to the temperature control. Details on the used fuel and the test matrix analysed are also 129 
given in this section. In section 4, results of mass flow rate for all the tested conditions are shown 130 
and discussed. From the mass flow rate curves, attention will be paid to the stationary mass flow, 131 
total mass injected, injection delay, opening slope, injection duration and injector discharge 132 
coefficient (derived from the stationary mass flow values). Finally, the main conclusions of the 133 
investigation are drawn in section 5. 134 
In a second part of the paper, a computational one-dimensional model is developed and validated 135 
against the experimental results hereby presented. In addition to making it possible to extend the 136 
results for any engine operating condition, this model makes it possible to analyse the findings of 137 
the present paper in light of internal variables of the injector, such as the needle lift, thus making it 138 
possible to acquire a deeper understanding of the phenomena involved. 139 
 140 
2. THEORETICAL FOUNDATION 141 
As it has been said, the study is focused on the analysis of mass flow rate measurements at different 142 
temperatures. In order to understand how fuel temperature influences the results, it is necessary to 143 
introduce the discharge coefficient (Cd) of an orifice, defined as the ratio among the real mass flow 144 
rate through the orifice and the theoretical one, as stated in Eq. (1): 145 
 
(1) 
The theoretical mass flow rate comes from the mass conservation equation (Eq. (2)): 146 
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	 	  (2) 
where ρf is the fuel density, A0 is the cross-sectional area of the orifice outlet and uth is the 147 
theoretical velocity through the orifice, which can be derived from Bernoulli’s equation assuming 148 




where ΔP is the pressure drop at the orifice. With all, Eq. (1) can be rewritten to express the mass 150 
flow rate through an orifice as: 151 
2 ∆  
(4) 
A direct relation of the fuel temperature to the mass flow rate can already be noticed in Eq. (4) 152 
through the fuel density. 153 
Focusing on the discharge coefficient, it can also be broken down into two separate coefficients. 154 
These coefficients, defined in Eqs. (5) and (6) relate the effective flow area and velocity (those that 155 




Therefore, the discharge coefficient can also be expressed as: 157 
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Thus, the losses through an orifice can be attributed to an effective loss in area or an effective loss 158 
in velocity. In the case of the area coefficient, it can be diminished by a non-uniform velocity 159 
profile at the outlet, cavitation or flow separation [35]. With regard to cavitation, a feature that 160 
determines the proneness to cavitate of an orifice is its conicity [12], which can be quantified 161 




where Di and Do are the inlet and outlet diameters of the orifice, respectively. 163 
The nozzle of the injector studied in this work is highly conical (as shown in Table 1, where details 164 
of the nozzle geometry are given), which means that it is not prone to cavitate. In fact, it will be 165 
proven that the nozzle does not cavitate for any of its operating conditions. Hence, the flow regime 166 
(laminar, turbulent or transitioning) will be the most influencing factor on the discharge coefficient 167 




where µf is the absolute viscosity of the fuel and, alternatively, νf is its kinematic viscosity. In fact, 169 
it has been found that the discharge coefficient grows asymptotically with the Reynolds number 170 
towards a maximum discharge coefficient [36][37]. Thus, it takes low values for laminar flow (low 171 
Re) where there exists a thicker boundary layer that reduces the effective area and also the effective 172 
velocity due to viscous friction [35], whereas after the regime transition it takes high values for 173 
turbulent flow (high Re), where the velocity profile is more uniform and the viscous friction is 174 
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reduced. Therefore, this is another mechanism in which the temperature plays an important role due 175 
to its influence on Re and the flow regime through the fuel density and viscosity. 176 
With all, these flow features are expected to influence the mass flow rate, both in the stationary part 177 
of the injection event and in its transient stages, where the needle may partially block the nozzle 178 
orifices, reducing their actual effective area and leading to low Re and discharge coefficient values. 179 
Also, the importance of the temperature on these features through the fuel properties has been 180 
highlighted in this Section in order to make it easier to discuss the results later on. 181 
 182 
3.  EXPERIMENTAL 183 
3.1 Setup 184 
In the present study, the influence of the fuel temperature on the injection event is assessed through 185 
experimental mass flow rate measurements. These measurements were carried out with a 186 
commercial IRDCI (Injection Rate Discharge Curve Indicator) from IAV. The working principle of 187 
this device is based on the Bosch long tube method [38], which consists on directly injecting into a 188 
tube filled with fuel. The injection event produces a pressure increase in the fuel-filled tube that is 189 
measured by a piezoelectric pressure sensor and recorded on a data acquisition system. This 190 
pressure wave is transmitted along the tube at a certain velocity (cf, the fuel speed of sound). 191 
Considering that the tube has a certain cross-sectional area At, the continuity equation leads to the 192 
instantaneous mass flow rate through the tube being given by the following expression: 193 
 
(10) 
where Pt is the pressure measured in the tube and P0 is a reference pressure. The fuel speed of 194 
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sound and its variation with pressure and temperature was already determined by the authors as 195 
stated in [25] and was taken into account accordingly in this study. A correction for the cumulative 196 
phenomenon noticed in the mass flow rate signal was also performed as established in [39]. A scale 197 
was placed downstream the IRDCI in order to cross-check the total mass injected per injection 198 
event by comparing it to the definite integral of the instantaneous mass flow rate curve.  199 
Fig. 1 shows a scheme of the experimental setup in which the IRDCI was introduced in order to 200 
perform the measurements with an appropriate temperature control in the range from 253 to 373 K. 201 
Some of the elements that comprised the experimental setup are shown in Fig. 2. A fuel high 202 
pressure pump driven by an electric motor extracted and pressurized the fuel contained in a tank 203 
after being filtered. As part of a standard procedure, water was recirculated around the fuel to cool it 204 
down after the heating suffered due to pressurization in the high pressure pump. It is important to 205 
note that water was only recirculated when it was needed to maintain a relatively low temperature, 206 
but not when the climatic chamber was in use. After this heat exchange, the fuel travelled through a 207 
high pressure flexible line, around which a coolant (glycol) at a proper temperature was also 208 
recirculated before the fuel enters the common-rail. The rail was connected to the injector through a 209 
300 mm long high pressure rigid line, which was also cooled or heated by glycol. The fuel inlet 210 
temperature and pressure conditions of the tests (hereinafter referred to as Ti and Pi, respectively) 211 
were measured in this high pressure rigid line, right upstream the injector (30 mm away from its 212 
inlet), where a thermocouple and a pressure sensor were located (see Figs. 1 and 2). The injector 213 
was connected to the IRDCI device through an in-built intermediate piece. This piece falls 52 mm 214 
upstream the nozzle tip and also made it possible to refrigerate the injector holder, since it has a 215 
glycol inlet and an outlet. An extra thermocouple was introduced at this location in order to measure 216 
the glycol temperature (see Fig. 1). The glycol came from a heat exchanger where it was heated by 217 
an electrical resistance if the fuel temperature needed to be increased. PIDs were used as regulators, 218 
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acting on the fuel pump (for the pressure) and the glycol heat exchanger (for the temperature). Both 219 
the fuel and glycol tanks, the glycol heat exchanger and most of the high pressure flexible line were 220 
placed in a climatic chamber (where temperatures down to 248 K can be achieved) with optical 221 
access for the coldest temperatures tested (253 and 278 K). The high pressure pump and the IRDCI 222 
were kept out of the climatic chamber since otherwise they would have been operating out of their 223 
acceptable temperature range. In those conditions, the water cooling system was shut down and all 224 
the components upstream the IRDCI are covered by an insulating material that prevented heat 225 
exchange with the surroundings. With this setup, in the least favourable case (253 K) it was possible 226 
to keep a controlled value of fuel temperature at the inlet (Ti), with differences among this 227 
temperature and the glycol temperature at the injector holder lower than 2 K, ensuring virtually 228 
uniform and stable temperature conditions in the injector. The IRDCI makes it possible to regulate 229 
the fuel backpressure with nitrogen, setting the value with the help of a valve downstream a 230 
nitrogen bottle. Fuel from the injector return line was brought back to the fuel tank, whereas the fuel 231 
effectively injected in the IRDCI is discharged in a scale, so that the total mass injected per stroke 232 
could be recorded and compared to the integral of the mass flow rate curve, as it has already been 233 
stated. 234 
3.2 Signal treatment 235 
The injector was driven by a Genotec impulse generator (omitted in Fig. 1), replacing the engine 236 
Electronic Control Unit. An injection frequency of 10 Hz was chosen so that a particular injection 237 
event was prevented from being influenced by the previous one. Once a tested condition was 238 
achieved, the injection was run by at least 100 seconds before recording the measurements, giving a 239 
minimum of 1000 warm-up injections so that stable conditions were attained. The pressure signal 240 
from the IRDCI piezoelectric sensor was amplified, visualized in an oscilloscope and recorded in a 241 
computer together with the pressure signal in the high pressure line and the corresponding 242 
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temperature values. 50 injections per operating point were recorded, averaging both the mass flow 243 
rate and pressure signal curves. A second set of 50 injections was also measured to ensure no 244 
dispersion nor anomalous data in the results. 245 
An example of an averaged mass flow rate curve together with its corresponding energizing signal 246 
is shown in Fig. 3. The criteria to extract information from the curve are shown in the figure. The 247 
SOI was determined by calculating the opening slope where the mass flow was among the 10% and 248 
the 50% of the maximum achieved and intersecting the resulting curve with the value of null mass 249 
flow rate. This gives the injection delay (time difference among SOE and SOI), td, as shown. The 250 
time of injector closing was determined in an analogous way, leading to the injection time, tinj. The 251 
stationary stage was established as the stage on which the mass flow rate was above 95% of its 252 
maximum value. The average of the mass flow rate in the stationary stage was computed for the 253 
longest points tested, making it possible to calculate the injector discharge coefficient as shown in 254 




where Pi is the nominal injection pressure and Pb the nominal backpressure. The area Ao is 256 
determined from the number of nozzle orifices and the orifices outlet diameter Do (recall Table 1).  257 
3.3 Test Matrix 258 
The conditions tested in the study are listed in Table 2. They were chosen in order to cover most 259 
engine-like operating conditions, including from cold start to a long engine run, both low, 260 
intermediate and high typical pressure values and both short and long injections. The longest 261 
energizing times of 2 ms ensure a long period of stabilized mass flow rate so that the injector 262 
discharge coefficient could be accurately determined. All the combinations among variables were 263 
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tested, thus leading to a total of 80 operating points. 264 
3.4 Fuel 265 
A standard winter fuel was chosen for the study in order to ensure proper operation at low 266 
temperatures. The values of density and viscosity (both absolute and kinematic) at atmospheric 267 
pressure and the different temperatures tested are listed in Table 3, and shown in Fig. 4 for 268 
illustrative purposes due to their importance when interpreting the results. The density was 269 
measured with a standard hydrometer as established by the ASTMD1298, with an estimated 270 
accuracy of ±5 x 10-4 kg/m3, whereas the viscosity was measured with a commercial capillary 271 
viscometer following the ASTM D-445 standards. Table 3 also shows the water content, determined 272 
in accordance to the ISO 12937. In addition, the fatty acid methyl esters (FAME) volume 273 
percentage was quantified based on the ASTM D7806-12 standard, using Fourier-Transformed 274 
Infrared Spectrometry (FT-IR). First, a calibration curve was obtained with known concentrations 275 
of FAME in pure conventional fuel. After that, samples of the fuel tested in this work were 276 
compared to that calibration curve. The viscosity values at 253 K were extrapolated. 277 
Additionally, the density and speed of sound of the fuel at different temperatures and pressures were 278 
determined in [25]. In that study, the authors established correlations for those properties. Thus, 279 
their values at the temperature and pressure levels tested in the present study have been easily 280 
obtained from those correlations as shown in Fig. 5. It can be seen that both variables decrease with 281 
temperature and increase with pressure. In the case of the speed of sound, its evolution with the 282 
temperature is linear, whereas the influence of the pressure is slightly more important at high 283 
temperatures. On the other hand, the density decrease with the temperature is not totally linear, the 284 
influence of the pressure also being more important at high temperatures. These trends will be 285 
useful to discuss the results presented in Section 4. 286 
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 287 
4.  RESULTS AND DISCUSSION 288 
4.1 Mass flow rate curves 289 
The experimentally determined mass flow rate curves for all the tested conditions are shown in Fig. 290 
6. Each plot represents an injection pressure, for which all tested temperatures are depicted. The 291 
temperature case of 353 K has been omitted in this figure due to the similarities with the 373 K 292 
case. 293 
The effect of temperature can be appreciated in the figure. Influence on the opening slope and 294 
injection delay will be analysed in following subsections, but it can already be seen that it seems 295 
more relevant at low injection pressures. Similarly, the stationary mass flow rate is more affected by 296 
the temperature at low injection pressures. This fact is also analysed in Section 4.2. Anyway, the 297 
most important effect of the fuel temperature that can be appreciated is the injection duration. It can 298 
be seen that it is noticeably reduced at low temperatures. This can be explained due to the ballistic 299 
nature of the injector. As it was shown in Fig. 4, the fuel absolute viscosity decreases with the fuel 300 
temperature. This results in a lower friction of the needle against the fuel during the injector 301 
opening stage, which leads to higher maximum needle lifts achieved the higher the fuel temperature 302 
is. Thus, during the closing stage, the needle falls from a higher position when the fuel temperature 303 
is increased. Since the effect of the fuel temperature on the closing slope seems negligible, this fact 304 
leads to a higher time for the needle to close against its seat and cut the injection. It is also 305 
important to mention that the effect of the fuel temperature on the injection duration seems to be 306 
more important at the lowest temperature (253 K), for which the injection duration is reduced in a 307 
much more substantial way as compared to 273 K. Recalling Fig. 4, this is due to the fact that the 308 
fuel absolute viscosity grows exponentially when the fuel temperature decreases, whereas the 309 
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influence of the temperature on viscosity is not as important for higher temperatures. 310 
4.2 Stationary mass flow rate 311 
Information on the values of stationary mass flow rate have been extracted for the points with an ET 312 
of 2 ms, as explained in Section 3.2. The values are listed in Table 4 and they have been represented 313 
in Fig. 7 both against the square root of the pressure drop for each tested temperature and against 314 
the fuel temperature for each tested injection pressure. The stationary mass flow rate increases 315 
almost linearly with the square root of the pressure drop, as expected [19]. A first important fact 316 
that can be observed is that the nozzle does not seem to be working under cavitation conditions in 317 
any case, since a mass flow rate collapse is not noticed. As it was stated in Section 2, this result is 318 
expected considering the high degree of convergence of the nozzle orifices. 319 
Focusing on the temperature influence on the stationary mass flow for a given injection pressure, 320 
Fig. 7 also reveals that, at low injection pressures, the stationary mass flow rate increases with the 321 
fuel temperature, with a difference of about 6% among the extreme cases. However, this trend is not 322 
noticed at higher injection pressures, where the differences among temperatures do not seem to be 323 
as relevant in percentage terms. 324 
In order to analyse these results, it is important to note that there are two mechanisms with opposed 325 
effects through which the fuel temperature is influencing the stationary mass flow, as can be derived 326 
recalling Eq. (4). On one hand, a mass flow rate decrease is expected with higher fuel temperatures 327 
due to the lower densities induced, also at pressures higher than the atmospheric (recall Fig. 5). On 328 
the other hand, the mass flow rate also depends on the discharge coefficient. As explained in 329 
Section 2, the discharge coefficient grows asymptotically with the Reynolds number, which in turn 330 
depends on the fuel density and viscosity. Considering Eq. (9) and the definition of Re that involves 331 
the kinematic viscosity, higher fuel temperatures lead to lower Re (recall Fig. 4), thus leading to 332 
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lower values of Cd. With all, it is necessary to consider both effects together in order to understand 333 
the influence of the fuel temperature on the stationary mass flow. 334 
Fig. 8 shows the evolution of the injector Cd against Re for the tested conditions. The discharge 335 
coefficient values have been calculated according to Eq. (11). The expected asymptotic growth of 336 
Cd with Re for non-cavitating orifices is observed. It can be seen that, for high temperatures and 337 
high injection pressures, the high Re leads to the nozzle orifices working in the turbulent zone, with 338 
only slight variations in Cd due to the fact that the velocity profile is nearly uniform and the friction 339 
losses along the orifice are minimized, as stated in Section 2. However, the nozzle is working in the 340 
laminar-turbulent transition zone for the lowest Re values tested, obtained for the lowest injection 341 
pressures and temperatures within the injector operating conditions. In this region, the flow velocity 342 
profile in the nozzle is not uniform and there is a boundary layer in part of the nozzle orifices length 343 
whose thickness directly increases the losses due to friction. This induces a lower effective area for 344 
the flow together with a lower effective velocity near the wall, resulting in lower values of both Ca 345 
and Cv, which in turn lead to the lower values of Cd appreciated. 346 
In summary, the trends observed in Fig. 7 can be explained in view of the previous reasoning. At 347 
low injection pressures the temperature effects on the flow regime lead to high variations in the 348 
discharge coefficient, able to overcome the stationary mass flow rate reduction due to the density 349 
changes when the temperature increases. When the fuel injection pressure is higher and the flow 350 
gets more turbulent, except for the case of Ti = 253 K, the variation of the discharge coefficient with 351 
the temperature is not as important and it is not able to invert the trend established by the density 352 
effect. In these situations, both conflicting effects of the fuel temperature seem to have the same 353 
importance and no particular trend can be established, obtaining virtually the same stationary mass 354 
flow for all temperatures (variations among the extreme cases for Pi = 120 MPa are only 1.1%). 355 
That is also the reason why the stationary mass flow at Ti = 273 K stops being one of the lowest 356 
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values at low pressure to be the highest one at high pressure. However, at Ti = 253 K the Re values 357 
are low even at the highest injection pressure, making the nozzle work in the laminar-turbulent 358 
transition. This explains why the highest stationary mass flow rates are not obtained for this 359 
temperature (which would be expected by the sole influence of the density), being achieved for 273 360 
K instead, for which the discharge coefficient is not as substantially modified by pressure as the 361 
density is. 362 
4.3 Injector dynamics 363 
The dynamics of the injector can also be analysed from the experimental mass flow rate 364 
measurements. Fig. 9 shows a detail of the first instants of the mass flow rate curves, in order to 365 
analyse the impact of the fuel temperature on the opening stage. It can be observed that the fuel 366 
temperature does not importantly affect the opening slope of the mass flow rate curve at any 367 
injection pressure. However, it can be seen that it directly affects the injection delay, td, that was 368 
defined in Section 3.2 and Fig. 3. The evolution of the injection delay (td) with the injection 369 
pressure for the different injection temperatures tested is shown in Fig. 10. It can be seen that the 370 
injection delay is reduced when the injection pressure is increased. This result agrees with those 371 
reported by other authors [40] and is expected since the injector opening takes place due to an 372 
unbalance of pressure forces above and below the needle. This unbalance will be higher the higher 373 
the injection pressure is. 374 
Focusing on a given injection pressure it can be seen that, in general, the injection delay is reduced 375 
when the temperature increases. This can be explained due to the fact that another parameter 376 
influencing needle dynamics is the fuel viscosity, since it is directly related to the viscous forces 377 
that oppose the needle movement. As already discussed in Section 4.1, the viscosity is reduced the 378 
higher the temperature is (recall Fig. 4). This influence is more important at low temperatures, for 379 
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which the viscosity increases exponentially. This is the reason why the differences in injection 380 
delay among temperatures are more significant at low pressures, where the needle opening is 381 
governed by the friction forces induced by fuel viscosity, as opposed to the higher injection 382 
pressures, where needle dynamics is more importantly dominated by the pressure unbalance and the 383 
differences in injection delay get gradually reduced. 384 
As it has already been commented in Section 4.1 due to its high visibility in the mass flow rate 385 
curves, the injection duration is highly affected by the fuel temperature due to the ballistic nature of 386 
the injector and the different values of maximum lift achieved by the needle. Fig. 11 summarizes 387 
the results of injection duration tinj, processed as defined in Section 3.2 and Fig. 3. As intuition 388 
dictates considering that the injector is ballistic, the injection time increases linearly with the 389 
energizing time for a given injection pressure and temperature, since each of those conditions will 390 
lead to a different value of maximum needle lift from which the needle will have to fall in order to 391 
close against its seat. Nevertheless, the highest injection pressure Pi = 180 MPa shows an exception 392 
to this trend when the injector is energized in the range of 1 to 2 ms. This fact could be explained if 393 
the injector reaches its maximum lift for those conditions. In those cases, the differences seen from 394 
temperature to temperature could be attributed to a different elastic deformation of the needle due to 395 
its thermal expansion, since no significant differences in the closing slope have been reported 396 
(recall Fig. 6). It is also important to highlight that the most important differences in injection time 397 
among temperatures happen at the coldest conditions, from 253 to 273 K. Again, this is due to the 398 
fact that the fuel viscosity increases exponentially at the lowest temperatures.  399 
4.4 Total mass injected 400 
The total mass injected for each tested condition has been determined by integrating the 401 
corresponding mass flow rate curve and comparing it to the weight measured by the scale, as 402 
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explained in Section 3. Fig. 12 shows the results for each tested condition. The observed trends are 403 
similar to those found for the injection duration and analysed in Section 4.3 and Fig. 11. This fact 404 
makes it possible to state that the highest effect through which the fuel temperature influences the 405 
injected mass is injection duration, overcoming the effects on injection delay or stationary mass 406 
flow rate that have already been discussed along the present Section. Therefore, a reduction in fuel 407 
temperature leads to lower mass quantities injected in the cylinder. This influence is more important 408 
at sub-zero temperatures due to the high influence on the fuel viscosity. This fact should not be 409 
neglected due to its importance during cold start, where it could be desirable for the ECU to act in 410 
order to enlarge the energizing times for a given condition so that the quantities of fuel burnt are not 411 
resented. As a matter of fact, differences ranging from 70% to 80% have been reported among the 412 
extreme temperatures at all pressure and an energizing time of 0.5 ms. These differences are still 413 
important at higher energizing times (1 ms) where the mass flow rate remains stabilized for a longer 414 
period, ranging from 30% to 40% among the extreme temperatures at all pressures. 415 
 416 
5. CONCLUSIONS 417 
The fuel temperature influence on the injection process has been assessed in this paper through 418 
experimental mass flow rate measurements. A methodology to carefully control the injection 419 
temperature has been successfully applied in order to gather data in a wide range of conditions, 420 
from 253 to 373 K. This methodology includes the use of a climatic chamber for the coldest 421 
conditions. 422 
The main conclusions of the study are summarized in the following points: 423 
 The stationary mass flow is influenced by the fuel temperature at low injection pressures and 424 
temperatures. In low pressure conditions, the flow is in the laminar-turbulent transition due 425 
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to the low Reynolds number associated. This Reynolds number will get even lower the 426 
lower the injection temperature is, due to the important increase in kinematic viscosity. A 427 
reduction in the Reynolds number progressively increases the thickness of the existent 428 
boundary layer, increasing the losses due to viscous friction and effectively reducing the 429 
flow area, leading to low values of discharge coefficient that affect the flow. This leads to 430 
differences of about 6% in the extreme cases. Nevertheless, in medium to high pressure 431 
conditions, the Reynolds number gets high and the flow becomes fully turbulent, without 432 
important variations in the discharge coefficient with the fuel temperature. In these 433 
conditions, the effect of the temperature on the fuel density becomes dominant and governs 434 
the flow, thus inverting the previous trend and leading to the low temperature of 273K 435 
resulting in the highest stationary mass flow rates, with these values gradually decreasing 436 
when the fuel temperature increases. The exception is 253 K, for which the Reynolds 437 
number is still low enough to lead to low discharge coefficients that affect the flow in a 438 
similar manner to the density. The differences among stationary mass flow rates at medium 439 
and high pressure, however, are not particularly relevant. 440 
 Injector opening is affected by temperature, especially at low injection pressures. In these 441 
conditions, needle dynamics is strongly affected by fuel viscosity, due to the needle-fuel 442 
friction. Thus, lower temperatures result in higher viscous forces opposing the needle 443 
movement, leading to higher injection delays. This effect is more important at low 444 
temperatures, where small reductions in temperature lead to huge increases in viscosity. 445 
When the injection pressure is increased, the needle dynamics stops being governed by the 446 
viscous effects and the pressure unbalance is more relevant. Thus, even when the trend with 447 
the temperature is respected, the variations among temperatures for a given injection 448 
pressure are not as important. 449 
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 Even though the needle dynamics is affected by the fuel temperature leading to different 450 
injection delays, no significant influence has been reported on the slope of the opening stage 451 
of the mass flow rate curves. 452 
 Injection duration is the parameter most importantly affected by fuel temperature, being 453 
importantly reduced the lower the temperature is. This fact is explained due to the ballistic 454 
nature of the injector. Thus, the higher viscous friction associated to the low temperatures 455 
results in the needle reaching lower maximum positions, from which it will have to fall 456 
when the injector stops being energized. This results in lower distances for the needle to 457 
travel in order to close against its seat, thus cutting the injection at earlier times after the 458 
energizing. 459 
 With regard to the total mass injected, the trends are similar to the ones seen for the injection 460 
duration, since this parameter has been proven to be influenced by fuel temperature in a 461 
more important way than the stationary mass flow or the injector opening. This fact needs to 462 
be taken into account at cold start, where substantially lower amounts of fuel may be 463 
introduced into the cylinder: differences up to 70% among the extreme temperature cases 464 
have been found for all pressures at an energizing time of 0.5 ms, still reaching 40% for the 465 
1 ms case. In these conditions, it may be desirable to act on the ECU in order to enlarge the 466 
injector energizing times to compensate this phenomenon. 467 
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Table 1: Summary of nozzle geometrical parameters. 595 
Table 2: Experimental mass flow rate measurements test matrix. 596 
Table 3: Fuel properties at atmospheric pressure. 597 
Table 4: Stationary values of mass flow rate for the different tested conditions with ET = 2 ms. 598 
 599 
Figure 1: Experimental setup for the mass flow rate measurements. The thermocouple and pressure 600 
sensor locations are shown in the diagram. 601 
Figure 2: Actual elements of the experimental setup for the mass flow rate measurements. 602 
Figure 3: Generic mass flow rate curve together with its corresponding energizing signal. 603 
Figure 4: Fuel density and viscosity evolution with the temperature at atmospheric pressure. 604 
Figure 5: Fuel density and speed of sound evolution with the temperature for the different pressures 605 
tested. 606 
Figure 6: Mass flow rate curves for all the tested conditions. 607 
Figure 7: Evolution of the stationary mass flow rate with the injection pressure for the different 608 
temperatures tested (top) and its evolution with the fuel temperature for the different pressures 609 
tested (bottom). Values have been normalized with the square root of DP in the latter. 610 
Figure 8: Injector discharge coefficient evolution against Re for the different tested conditions. 611 
Figure 9: Detail of mass flow rate curves to highlight the injector behaviour on the opening stage. 612 
Figure 10: Evolution of the injection delay with the injection pressure for the different temperatures 613 
tested. 614 
Figure 11: Injection time for all the tested conditions. 615 
Figure 12: Total mass injected for all the tested conditions. 616 
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Property Value 
Number of holes [-] 7 
Di [µm] 146 
Do [µm] 117 
k-factor [µm] 2.8 
L [µm] 710 
r [µm] 27 
Table 1: Summary of nozzle geometrical parameters. 618 
 619 
Property Values tested 
Fuel injection temperature, Ti [K] 253 - 273 - 303 - 353 - 373 
Injection pressure, Pi [MPa] 40 - 70 - 120 - 180 
Energizing Time [ms] 0.25 - 0.5 - 1 - 2 
Backpressure [MPa] 4 















253 851 15.32 18.00 
31.74 2.30 
273 838 5.87 7.00 
303 820 2.71 3.30 
353 785 1.1 1.40 
373 775 0.85 1.10 
Table 3: Fuel properties at atmospheric pressure. 622 
 623 
 Stationary mass flow rate [g/s] 
Temperature [K] 
/ Pressure [MPa] 
40 70 120 180 
253 14.09 19.79 27.76 34.56 
273 14.2 20.31 27.94 35.37 
303 14.43 20.49 27.89 34.94 
353 14.74 20.69 27.99 34.87 
373 14.93 20.58 27.67 34.64 
Table 4: Stationary values of mass flow rate for the different tested conditions with ET = 2 ms.624 
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 625 
Figure 1: Experimental setup for the mass flow rate measurements. The thermocouple and pressure 626 
sensor locations are shown in the diagram. 627 
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 629 
Figure 2: Actual elements of the experimental setup for the mass flow rate measurements. 630 
 631 
Figure 3: Generic mass flow rate curve together with its corresponding energizing signal. 632 
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 633 
Figure 4: Fuel density and viscosity evolution with the temperature at atmospheric pressure. 634 
 635 
 636 
Figure 5: Fuel density and speed of sound evolution with the temperature for the different pressures 637 
tested. 638 
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 640 
Figure 6: Mass flow rate curves for the tested conditions. Results for Ti = 353 K have been omitted 641 
in the figure. All the tested energizing times have been represented. 642 
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 643 
Figure 7: Evolution of the stationary mass flow rate with the injection pressure for the different 644 
temperatures tested (top) and its evolution with the fuel temperature for the different pressures 645 
tested (bottom). Values have been normalized with the square root of DP in the latter. 646 
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Figure 8: Injector discharge coefficient evolution against Re for the different tested conditions. 648 
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 649 
Figure 9: Detail of mass flow rate curves to highlight the injector behaviour on the opening stage. 650 
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 651 
Figure 10: Evolution of the injection delay with the injection pressure for the different temperatures 652 
tested. 653 
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 654 
Figure 11: Injection time for all the tested conditions 655 
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 656 
Figure 12: Total mass injected for all the tested conditions. 657 
